] i ), oxidative stress and cellular accumulation of ceramide. The present study aimed to define the molecular requirements for lipopeptide-induced cell membrane scrambling. Methods: Human erythrocytes were incubated for 48 hours in the absence and presence of 1 or 5 µg/ml of the synthetic lipopeptides Pam1 (lipopeptide with one fatty acid), Pam2 (lipopeptide with two fatty acids), or Pam3 (lipopeptide with three fatty acids). In the following phosphatidylserine exposure at the cell surface was estimated from annexin-V-binding, cell volume from forward scatter, [Ca 2+ ] i from Fluo3-fluorescence, ROS formation from DCF dependent fluorescence, and ceramide abundance utilizing specific antibodies. Results: Pam1 (5 µg/ml), Pam2 (5 µg/ml) and Pam3 (1 and 5 µg/ml) significantly increased the percentage of annexin-V-binding to erythrocytes in a dose dependent manner, which was largely independent of Ca 2+ . Pam1-3 increased the percentage of both, swollen and shrunken erythrocytes without significantly modifying the average forward scatter. They also increased reactive oxygen species (ROS) and ceramide abundance. In all assays the effect on eryptosis increased with increasing number of fatty acids, with Pam3 showing always the strongest effect. In contrast, a comparison of the effect of Pam1-3 on TLR2 dependent immune stimulation showed that not Pam3 but Pam2 displayed the strongest activity, and that immune stimulation was triggered at much lower concentrations than eryptosis. Conclusions: Lipopeptides are not only important activators of the immune system; at higher concentrations they also drive host cells into apoptosis thus aggravating a bacterial infection.
Lipopeptide-Induced Suicidal Erythrocyte Death Correlates with the Degree of Acylation
Abdulla Al Mamun Bhuyan 
Introduction
The lipopeptides (Lpp) used in this study are structural components found in almost all bacterial membranes. They represent the membrane anchor group of the lipoproteins that play a crucial role in transport processes as reviewed recently [1, 2] . As they are so characteristic for bacteria it does not astonish that the mammalian immune system responds to the Lpp moiety of bacterial lipoproteins by inducing an innate immune response via the TLR2 receptor [3] . Lpp are not only potent stimulators of the innate immune system [1, 4] , they also have strong adjuvant activity [5, 6] . Their TLR2 activation leads via a cascade of intermediary steps to NF-kappaB activation [7] . Dependent on the degree of acylation, Lpp are recognized by different TLR2 heterodimers. Diacylated Lpp are recognized by TLR2 and TLR6 [8, 9] , while triacylated Lpp are recognized by TLR2 and TLR1 heterodimers [3, 10] . The signal transduction from Lpp-bound TLR2 to the activation of the nuclear factor NFkappaB involves a cascade of phosphorylation events [11] . Besides triggering the innate immune response they also induce apoptosis in THP-1 monocytic cells through TLR2 and also initiate apoptosis in an epithelial cell line transfected with hTLR2 [4] .
Because of this activity it would be interesting to investigate the effect of Lpp on other host cells such as the enucleated mammalian erythrocytes. They represent the most abundant cells in the bloodstream and transport oxygen to and CO 2 from peripheral tissues. Any injury of erythrocytes affecting their quantity, shape, size, structure or life cycle can affect the oxygen-carrying capacity of the blood. Bacterial sepsis for example may cause anemia, which partially results from eryptosis, the suicidal death of erythrocytes characterized by cell membrane scrambling with phosphatidylserine (PS) exposure at the erythrocyte surface [12] [19] [20] [21] [22] [23] [24] [25] [26] [27] and is enhanced following blood storage for transfusion [28] . Eryptosis is triggered by many xenobiotics [13, 16, 20, 21, 25, including bacterial Lpp [72] . However, the structural requirements for bacterial Lpp-induced eryptosis are ill-defined.
The present study explored, whether differentially acylated Lpp, Pam1-3, stimulates eryptosis and to which extent. We tested human erythrocytes from healthy volunteers and exposed them to Pam1-3 and determined PS surface abundance, cell volume, [Ca 2+ ] i , ROS formation, and ceramide abundance. Interestingly, the extent of eryptosis increased with increasing number of fatty acids bound to the lipid moiety of the Lpp, while for immune stimulation Pam2, the diacylated Lpp, showed the strongest effect and was triggered at much lower concentrations than eryptosis.
Materials and Methods

Erythrocytes, solutions and chemicals
Fresh Li-Heparin-anticoagulated blood samples were kindly provided by the blood bank of the University of Tübingen. The study is approved by the ethics committee of the University of Tübingen (184/2003 V). The blood was centrifuged at 120 g for 20 min at 21 °C and the platelets and leukocytes-containing supernatant was disposed. Erythrocytes were incubated in vitro at a hematocrit of 0.4% in Ringer solution containing (in mM) 125 NaCl, 5 KCl, 1 MgSO 4 , 32 N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES; pH 7.4), 5 glucose, 1 CaCl 2 , at 37°C for 48 hours. Where indicated, erythrocytes were exposed for 48 hours to the synthetic Lpp Pam1, Pam2 and Pam3 (for their structure see Fig . 1 ). In order to estimate the impact of Ca 2+ entry, erythrocytes were exposed in the presence and nominal absence (0 CaCl 2 , 1 mM EGTA) of Ca
Annexin-V-binding and forward scatter
After incubation under the respective experimental condition, a 150 µl cell suspension was washed in Ringer solution containing 5 mM CaCl 2 and then stained with Annexin-V-FITC (1:200 dilution; ImmunoTools, Friesoythe, Germany) in this solution at 37°C for 15 min under protection from light. The annexin-Vabundance at the erythrocyte surface was subsequently determined on a FACS Calibur (BD, Heidelberg, Germany). Annexin-V-binding was measured with an excitation wavelength of 488 nm and an emission wavelength of 530 nm. A marker (M1) was placed to set an arbitrary threshold between annexin-V-binding cells and control cells. The same threshold was used for untreated and Pam1-3 treated erythrocytes. Light scattering is an empirical technique employed to measure rapid changes in cell volume [73] . Here we used a dot plot of forward scatter (FSC) vs. side scatter (SSC) that was set to linear scale for both parameters. The threshold of forward scatter was set at the default value of "52". 
Intracellular Ca
Reactive oxygen species (ROS)
Oxidative stress was determined utilizing 2',7'-dichlorodihydrofluorescein (DCF) diacetate. After incubation, a 150 µl suspension of erythrocytes was washed in Ringer solution and stained with DCF (Sigma, Schnelldorf, Germany) in Ringer solution containing DCF at a final concentration of 10 µM. Erythrocytes were incubated at 37°C for 30 min in the dark and washed two times in Ringer solution. The DCF-loaded erythrocytes were resuspended in 200 µl Ringer solution and ROS-dependent fluorescence intensity was measured at an excitation wavelength of 488 nm and an emission wavelength of 530 nm on a FACS Calibur (BD).
Ceramide abundance
For the determination of ceramide abundance at the erythrocyte surface, a monoclonal antibody-based assay was used. To this end, cells were stained for 1 hour at 37°C with 1 µg/ml anti ceramide antibody (clone MID 15B4, Alexis, Grünberg, Germany) in PBS containing 0.1% bovine serum albumin (BSA) at a dilution of 1:10. The samples were washed twice with PBS-BSA. The cells were stained for 30 minutes with polyclonal fluorescein isothiocyanate (FITC) conjugated goat anti-mouse IgG and IgM specific antibody (Pharmingen, Hamburg, Germany) diluted 1:50 in PBS-BSA. Unbound secondary antibody was removed by repeated washing with PBS-BSA. The samples were analyzed by flow cytometric analysis with an excitation wavelength of 488 nm and an emission wavelength of 530 nm. As a control, secondary antibody alone was used.
HEK-TLR2 signaling assay
Human Embryonic Kidney (HEK 293) cells, stably transfected with the human TLR2 gene, were purchased from Invivogen. The cultivation was performed following the previous study [74] . For the signaling stimulation assay, HEK-TLR2 cells were seeded 5x 10 4 cells/ 200 μl well into 96 well cell culture Cell Physiol Biochem 2017;41:296-309
plates and incubated at 37°C with 5% CO 2 . After one-day incubation, the HEK-TLR2 cells were used for the stimulation test. 100 ng of different synthetic Lpp including Pam1C, Pam2C and Pam3C were dissolved in 10 μl of H 2 O and transferred to the 200 μl medium containing approximately 1x 10 5 HEK-TLR2 cells. The negative controls (unsti.) were used with 10 μl of H 2 O. Stimulation was carried out for 18h at 37°C with 5% CO 2 . The supernatants were collected and stored at -20 °C. Human IL-8 secretion was measured in cellular supernatants using the BD OptEIA ELISA kits according to the manufacturer´s instructions.
Statistics
Data are expressed as arithmetic means ± SEM. As indicated in the figure legends, statistical analysis was made using ANOVA with Tukey's test as post-test and t test as appropriate. N denotes the number of different erythrocyte specimens studied. Since different erythrocyte specimens used in distinct experiments are differently susceptible to triggers of eryptosis, the same erythrocyte specimens have been used for control and experimental conditions.
Results
In the present study we investigated the stimulating effect of the differently acylated Lpp (Pam1, Pam2 and Pam3) on eryptosis, which is the suicidal erythrocyte death characterized by cell shrinkage and phospholipid scrambling of the cell membrane triggered by PS translocation to the cell surface. In the following we analyzed various parameters known to be typical for eryptosis.
Lpp induced translocation of PS to the cell surface
Surface exposed PS was identified by annexin-V-binding and subsequent flow cytometry. Prior to measurements, the erythrocytes were again incubated for 48 hours in Ringer solution without or with Pam1-3 (1 -5 µg/ml). All three Lpp triggered annexin binding, which was consecutively increased with increasing acylation of the Lpp (Fig. 2) . Pam3 even revealed a sixfold higher annexin binding than Pam1 and the binding with Pam2 was in between. The increase in annexin binding was also concentration dependent; 5 µg/ml triggered an almost fivefold stronger binding than 1 µg/ml.
Lpp modulated cell volume
Erythrocyte volume was estimated by forward scatter and flow cytometry. Prior to measurements, the erythrocytes were incubated for 48 hours in Ringer solution without or 
with Pam1-3 (1 and 5 µg/ml). Pam1-3 in a concentration of 1 µg/ml did not appreciably alter cell volume (Fig. 3) . However, at a concentration of 5 µg/ml there was a clear cell shrinkage observed with Pam1, with Pam2 the control volume was reached, and with Pam3 a clear increase beyond the control volume was observed (Fig. 3) . We assume that the observed cell shrinkage with 5 µg/ml of Pam1 was due to an increase of cytosolic Ca ++ concentration which further activates the Gardos channel, resulting in hyperpolarization of the cell membrane resulting in loss of K + , Cl-ions and H 2 O from the cell [75] . Pam3 increased cell volume [76] . ] i ) was determined by Fluo3 fluorescence. As shown in Fig. 4, a 48 hours exposure to Pam1-3 increased the Fluo3 fluorescence, an effect reaching statistical significance at 5 µg/ml Pam2 and at 1 and 5 µg/ml Pam3; Pam1 showed no effect.
Lpp increased intracellular
Lpp induced translocation of PS to the cell surface in the absence of Ca 2+
A next series of experiments explored whether the Pam1-3-induced translocation of PS required the entry of extracellular Ca
2+
. Therefore, erythrocytes were incubated for 48 , which was strange as it is known that Ca ++ is one of the most important activators of the TMEM16F scramblase [77] .
Lpp induced oxidative stress
Indeed, eryptosis is further stimulated by oxidative stress. Reactive oxygen species (ROS) were quantified utilizing 2′,7′-dichlorodihydrofluorescein (DCF) diacetate. DCF itself is a fluorogenic substance and when it crosses the cell membrane, the intracellular esterases deacetylate DCF to an impermeable, non fluoresecent product. But later the reactive oxygen species convert this DCF into 2´7´-dichlorofluorescein (DCF) by oxidation which is a highly florescent compound that can be detected easily by flow cytometry. As shown in Fig. 6 , a 48 hours exposure to 5 µg/ml Pam2 and Pam3, but not Pam1, increased significantly the DCF dependent fluorescence, with Pam3 exerting the strongest effect. 
Lpp Pam2 exerted the strongest immune stimulation
Finally, we investigated the TLR2 dependent signaling of Pam1-3 in Human Embryonic Kidney (HEK 293) cells, stably transfected with the human TLR2 gene. IL-8 production was determined after stimulation of the cells with 0.5 μg/ml of Pam1, Pam2 or Pam3 for 18 h. While Pam1 showed no signaling activity at all, Pam2 showed the highest activity which was even twofold higher than that of Pam3 (Fig. 8) . 
Discussion
Bacterial lipopeptides (Lpp) represent not only a major class of membrane-anchored surface proteins in Gram-positive bacteria, they also play a crucial role in innate immune stimulation via TLR2 activation [1] . Until recently it was not clear whether low-GC Grampositive bacteria produce di-or triacylated Lpp. However, Kurokawa and colleagues showed that in S. aureus the 33 kDa SitC, a component of the proposed iron ABC transporter SitABC, is triacylated and induces IL-6 and TNF-α release in human monocytes and NFkB-activation in TLR2-transfected HEK293 cells [78] . However, recently it has been shown that some other bacterial species produce only diacylated Lpp showing a much stronger immune stimulation and inflammation response than triacylated Lpp [79] . The question we raised here was whether diacylated Lpp have also a stronger impact on mammalian cell damage than triacylated ones. To facilitate the task we have chosen synthetic Lpp that were mono-, di-and triacylated, each with palmitate as fatty acid (Fig. 1) . As model cells we have chosen human erythrocytes from volunteers. Like in other mammalian cells in the normal erythrocyte membrane PS are located exclusively in the inner leaflet [80] . The loss of membrane asymmetry and the exposure of PS affects the hemostatic balance in a number of ways [81] : PS-presenting erythrocytes adhere to endothelial cell monolayers [82] , they are prone to eryptosis with the consequence that they are removed by macrophages like many other senescent or virus-and bacteria-infected cells [83, 84] ; surface-exposed PS represents an 'eat-me' signal [85] .
Exposure of Pam1, Pam2 and Pam3 to erythrocytes induced all the classical features of eryptosis such as increased exposure of PS on the surface, which was largely Ca 2+ independent, an increased cytosolic Ca 2+ activity ([Ca   2+ ] i ), increased oxidative stress, and an increased ceramide abundance. The important result of this study was that the degree of all the eryptosis signs correlated with the degree of the acylation of the Lpp; Pam3 always exerted the strongest effect.
The question remains how Pam1-3 mediate eryptosis. Do they activate the Ca-dependent phospholipid scramblase (TMEM16F), or distort the erythrocyte membrane in such a way that the scramblases get activated even in the absence of Ca
2+
? As the annexin V binding increased with increasing degree of acylation of the Lpp we assume that the lipophilicity plays a crucial role in scramblase activation even in the absence of Ca 2+ . As in Pam3 the lipophilicity of the Lpp is highest we speculated that Pam3 might act like a detergent that disintegrates the erythrocyte membrane.
We also wondered why there was a relatively high annexin binding in the absence of Ca
. An explanation could be that Pam1-3-induced lipid peroxidation was due to oxidative stress [86] . Reduced glutathione may be oxidized and thus be unable to protect the cell from oxidative stress [87] . Indeed, we found that Lpp induced oxidative stress and ceramide production, which might explain why they are able to activate the scramblase in the absence of Ca 2+ . Fig. 8 . Induction of IL8 production with HEK-TLR2 cells triggered with Pam1-3. HEK-TLR2 cells were stimulated for 18 h with each 0.5 μg/ml of either Pam1, Pam2 or Pam3. The human IL8 cytokine was used as readout for immune stimulation and was measured by Elisa kit. The un-stimulated sample (unsti.) was used as negative control by the application of 10 μl of H 2 O. The experiments were independently carried out three times. Statistical significances were calculated by using Student's t-tests of different samples versus the Pam1: not significant P>0.05, * P<0.05, ** P <0.001, *** P <0.0001.
The observation that increasing degree of Lpp-acylation correlated with increasing eryptosis indicates that increasing lipophilicity causes more damage to the plasma membrane. Cyclic lipopeptides constitute a structurally diverse group of metabolites produced by various bacterial and fungal genera via non-ribosomal pathways [88] . Structurally they are amphiphilic molecules that comprise both hydrophobic and hydrophilic moieties; in this respect they resemble our Lpp. However, they are built up as cyclic peptide that carries one alkyl chain. Most of them attack cell membranes and are used as antimicrobials, antitumor drugs or surfactants. One of the most aggressive cyclic lipopeptides is surfactin. It has a high detergent effect by inserting its fatty acid chain into the lipid bilayer [89, 90] . Its cell destruction is indiscriminate, and it attacks also erythrocytes with deadly efficiency. Pseudofactins inhibit bacterial adhesion (the first stage of biofilm formation) but have also antiproliferative effects on mammalian cells [88] . Polymyxin B has antibacterial activity against Gram-negative bacteria by binding selectively to lipopolysaccharide (LPS) [91] . Daptomycin shows high antibacterial activity in the presence of Ca   2+ ; the mode of action is still unknown but it induces permeabilization and depolarization of the bacterial cell membrane [92] . Iturin [93] and fengycin [94] strongly inhibit growth of filamentous fungi; the mode of action of fengycin is dose dependent: at low dose it induces apoptosis and at high dose necrosis [95] .
Finally, there is the question whether the anucleated mammalian erythrocytes possess functional immune receptors that are responsive to microbe-associated molecular patterns (MAMPs). The nucleated erythrocytes of fish and chicken express specific PRRs (pathogen recognition receptors) including members of the toll-like receptors (TLRs) and peptidoglycan recognition protein (PGRP) receptors and are also responsive to corresponding stimuli [96, 97] . Therefore, an active role in pathogen recognition has been considered. However, mammalian erythrocytes lack DNA, cannot synthesize RNA, and in addition they also lack organelles such as mitochondria or Golgi apparatus and gain their energy essentially from glycolysis. It is therefore unlikely that they are responsive to immune stimulation. Nevertheless, they represent excellent model cells to study the impact of compounds on eryptosis and membrane damage.
Conclusion
If we compare the various activities of the Lpp (Pam1-3) in immune stimulation and induction of eryptosis one can observe at least two fundamental differences. Immune stimulation occurs already at very low concentrations (0.5 µg/m), a concentration where we see no signs for eryptosis. The highest immune stimulation was observed with Pam2, which is sensed by the TLR2/TLR6 heterodimer [9] . On the other hand the highest activity in eryptosis was mediated by Pam3, the higher the degree of acylation the stronger the eryptosis. Finally, the concentration of Pam1-3 to induce eryptosis is roughly ten times higher than that required for immune stimulation. The results also show that Pam1-3 as representative of bacterial Lpp not only contribute to immune stimulation but damage at higher concentration also the host cells, thus aggravating an infection. 
